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We report on the rapidity and centrality dependence of proton and antiproton transverse mass distributions 
from 197Au + 197Au collisions at sNN =130 GeV as measured by the STAR experiment at the Relativistic 
Heavy Ion Collider (RHIC). Our results are from the rapidity and transverse momentum range of lyl<0.5 and 
0.35< pt <1.00 GeV / c. For both protons and antiprotons, transverse mass distributions become more convex 
from peripheral to central collisions demonstrating characteristics of collective expansion. The measured ra­
pidity distributions and the mean transverse momenta versus rapidity are ﬂat within lyl <0.5. Comparisons of 
our data with results from model calculations indicate that in order to obtain a consistent picture of the proton 
(antiproton) yields and transverse mass distributions the possibility of prehadronic collective expansion may 
have to be taken into account. 
DOI: 10.1103/PhysRevC.70.041901 PACS number(s): 25.75.Dw, 25.75.Ld 
High energy nuclear collisions provide a unique opportu­
nity to study matter under extreme conditions for which one 
expects the formation of a system dominated by deconﬁned 
quarks and gluons [1]. In the search for this deconﬁned state, 
baryons play an important role. Incoming beam baryons pro­
vide the energy for particle production and development of 
collective motion. It has systematically been observed that 
the net-baryon number determines the chemical properties 
[2]. In addition, baryon transport and baryon production dur­
ing the collision are particularly interesting because of their 
dynamical nature [3–9]. However, these are difﬁcult pro­
cesses due to their nonperturbative features [10,11]. At the 
Relativistic Heavy Ion Collider (RHIC) energy sNN 
=130 GeV, antiproton to proton ratios and yields at midra­
pidity have been reported by several experiments [12–15]. In  
the region of pt �2–3 GeV / c, the yield of protons ap­
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proaches that of pions [13] in central collisions. The exact 
origin of this behavior is not clear and systematic measure­
ments of baryon distributions are important. 
In this Rapid Communication, we present a systematic 
measurement of proton and antiproton production in Au 
+ Au collisions at sNN =130 GeV in the rapidity range 
−0.5 < y<0.5 and for transverse momenta 
0.35< pt <1.00 GeV / c. In particular, we report the RHIC 
measurements of the rapidity dependence of the proton and 
antiproton yields, essential for exploring the existence of a 
boost-invariant region in the system. We also study the cen­
trality dependence of the yields and mean transverse mo­
menta for protons and antiprotons. These results allow for a 
detailed comparison to model predictions of proton and an­
tiproton production at RHIC. 
Two independent 197Au beams with an energy of 65 GeV 
per nucleon were provided by the RHIC at Brookhaven Na­
tional Laboratory. These beams collided around the geomet­
ric center of the Solenoid Tracker at RHIC (STAR). Charged 
particles stemming from these collisions were measured in a 
large volume time projection chamber (TPC) [16]. A large 
solenoidal magnet of 0.25 T ﬁeld strength provided momen­
tum dispersion in the direction transverse to the beam line. 
For this analysis, we used 320 k events with a minimum 
bias trigger and 154 k events with a trigger selecting the 
10% most central events [12]. Events with a primary vertex 
within ±30 cm of the geometric center of the TPC along the 
beam axis were accepted. Tracks were required to have at 
least 23 out of 45 maximum possible space points in the TPC 
and to extrapolate back to the primary vertex within 2 cm 
[distance of closest approach (DCA)]. To deﬁne the collision 
centrality, the measured raw multiplicity distribution of 
charged particles within the pseudorapidity range l7l< 0.75 
was divided into eight bins. The highest centrality bin corre­
197Ausponds to 6% of the measured cross section for 
+ 197Au collisions [17]. Protons and antiprotons were identi­
ﬁed by correlating their energy loss dE /dx due to ionization 
in the TPC gas with the measured momentum. This method 
has already been presented in [12]. 
The track reconstruction efﬁciency was determined by 
embedding simulated tracks into real events at the raw data 
level and subsequently applying the full reconstruction algo­
rithm to those events. The propagation of single tracks was 
performed using the GEANT Monte Carlo code with a de­
tailed model of the STAR geometry and a realistic simulation 
of the TPC response. The resulting track reconstruction efﬁ­
ciency is greater than 70% at pt >0.5 GeV / c for all centrali­
ties. By varying the track cuts, the overall systematic uncer­
tainty in the track reconstruction efﬁciency is estimated to be 
less than 10%. Further, the relative resolution in transverse 
momentum was derived to be =4% at pt =0.5 GeV / c. 
Secondary interactions of particles with the detector ma­
terial generated background protons. Due to their different 
geometric origin, these background protons appear as a 
rather ﬂat tail in the DCA distribution which extends into the 
peak region of primary protons at small DCA. In order to 
correct for background protons, the proton DCA distribution 
was ﬁtted by the scaled antiproton DCA distribution (which 
is background free) plus the results on the proton background 
from Monte Carlo calculations. Raw yields were extracted 
FIG. 1. (Color online) Midrapidity (lyl'0.5) proton (left col­
umn) and antiproton (right column) transverse mass distributions 
for most peripheral (bottom) to most central (top) collisions. The 
deﬁnitions of the centrality bins are listed in Table I. Relatively 
large systematic errors for protons in the low mt region are due to 
the background subtraction. Results from model ﬁts are shown as 
dashed lines. 
for protons and antiprotons with DCA less than 2.0 cm, op­
timizing the signal to background ratio for protons. The raw 
yields were then corrected for track reconstruction efﬁciency, 
proton background, and in the case of antiprotons, for ab­
sorption in the detector material. The detector acceptance for 
protons (antiprotons) from the decay of lambdas (antilamb­
das) or other hyperons (antihyperons) is estimated to be 
larger than 95%. Corrections for feeddown from decays of 
hyperons (antihyperons) were not applied. 
The midrapidity (lyl'0.5) proton and antiproton trans­
verse mass distributions for all eight centrality bins are 
shown in Fig. 1. Here, the transverse mass mt is given by 
mt = pt 
2 +m2p, with mp the rest mass of the proton. The un­
correlated bin-to-bin systematic errors are estimated to be 
less than 7%. It is evident that both proton (left panel) and 
antiproton (right panel) distributions become more convex 
from peripheral to central collisions, indicating an increase in 
transverse radial ﬂow. In order to extract pt-integrated yields, 
dN /dy and mean transverse momenta (pt), hydrodynamically 
motivated ﬁts [18] were applied, assuming a thermal source 
plus transverse radial ﬂow. The ﬁt parameters are the tem­
perature Tfo at kinetic freeze-out and the transverse radial 
ﬂow velocity f at the system surface. A velocity proﬁle s 
(r /R)0.5ft(r)=fs was used, where R is the radius of the 
source. These ﬁts simultaneously describe the experimental 
spectra of charged pions [19], kaons [20], protons, and anti­
protons, measured in the same experiment. The ﬁt results are 
shown as dashed lines in Fig. 1. The description of the ex­
perimental data is remarkably good. When strong collective 
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FIG. 2. The rapidity distributions of (a) protons and (b) antipro­
tons and (c) the (average proton and antiproton) transverse momen­
tum (pt), for most peripheral (bottom) to most central (top) colli­
sions. The bin-to-bin systematic errors due to PID contamination 
were included in the plot. Overall systematic errors due to extrapo­
lation into the pt range not covered by the experiment and the 
uncertainty in the track reconstruction efﬁciency are not shown in 
the ﬁgure. 
ﬂow develops, the transverse mass distributions for heavy 
mass particles will not have the simple exponential shape at 
low transverse mass. Therefore, the hydrodynamically moti­
vated two parameter ﬁts become necessary [21]. The in­
crease of (pt) with centrality is indeed reﬂected in the values 
of the collective velocity parameter (ft), which increase 
from about (0.42 ± 0.10) to (0.56 ± 0.05) from the most pe­
ripheral to the most central collisions, respectively. 
Note that in [12], the antiproton transverse momentum 
distributions were ﬁtted with a Gaussian function in pt 
[f(pt)� exp(−p2 t /2c2)]. The difference between the model ﬁt 
results and Gaussian ﬁts in pt are less than 6% and less than 
10% for (pt) and integrated yields dN /dy, respectively. Us­
ing other functions, i.e., exponential in mt and a Boltzmann 
function (in mt), the systematic uncertainty in dN /dy due to 
extrapolation is estimated to be less than 20%. Similarly, the 
systematic uncertainty in (pt) is less than 6%. Applying dif­
ferent velocity proﬁles, i.e., varying the exponent between 
0.5 and 1.0, leads to an equally good description of our ex­
perimental data. The changes in (pt) and dN /dy are less than 
3% and 6%, respectively, substantially smaller than the sys­
tematic errors given above. Using exponents larger than 1.0 
results in a worse description of our data in terms of x2 per 
degree of freedom and were therefore excluded. The total 
systematic uncertainty in dN /dy is less than 22%, adding the 
contributions due to extrapolation (20%) and the track recon­
struction efﬁciency (10%) in quadrature. 
The proton and antiproton rapidity distributions are 
shown in Figs. 2(a) and 2(b) for different collision centrali­
ties. In the pt range not covered by this experiment, the yield 
was extracted from the thermal plus radial ﬂow model ﬁt. 
The results are shown in Table I, which indicates that about 
50% of the integrated yield was measured within the STAR 
TPC acceptance. The bin-to-bin systematic errors, due to 
background subtraction and PID contamination, are included 
in the plot. Since the shapes of the transverse mass distribu­
tions of protons and antiprotons do not differ within statisti­
cal errors, the extracted values of (pt) shown in Fig. 2(c) are 
the average of the two. Within lyl< 0.5, both values of (pt) 
and dN /dy are found to be uniform as a function of rapidity, 
indicating that at RHIC—for the ﬁrst time in heavy ion 
collisions—a boost invariant region of at least one unit of 
rapidity for all centrality bins has developed. We would like 
to stress that the rapidity dependences of both dN /dy and 
(pt) are required to draw a meaningful conclusion concerning 
boost invariance. An analysis of charged hadron ratios [22] 
has demonstrated that at RHIC energies a boost invariant 
region does not exist at lyl>1.5. It will be of interest to 
study the rapidity distributions of different mass hadrons at 
higher rapidity regions at RHIC. 
The top panels of Fig. 3 show the (pt) within lyl'0.5 for 
protons (left) and antiprotons (right) as a function of colli­
sion centrality given by the measured number of charged 
hadrons. The corresponding yields, dN /dy, are shown in the 
bottom panels. The open symbols represent ﬁducial yields 
and ﬁlled ones show the integrated yields. The shaded bands 
indicate the systematic uncertainties in extracting (pt) and 
dN /dy. Both values of (pt) and dN /dy are in good agreement 
with results from the PHENIX Collaboration [13]. Experi­
mental results on the lambda (antilambda) yields [23] show 
that the contribution of feeddown from hyperon decays to the 
TABLE I. Midrapidity (lyl<0.5) proton and antiproton results on rapidity densities and (averaged for 
proton and antiproton) values of (pt). The ﬁducial yield is measured within 0.35 < pt < 1.00 GeV / c. The 
errors are statistical. See the text for discussions of systematic errors. 
Centrality (pt) dNp /dy dNp /dy dNp¯ /dy dNp¯ /dy 
bin (MeV) (ﬁducial) (integrated) (ﬁducial) (integrated) 
58–85 % 738 ± 6 0.98 ± 0.01 1.62 ± 0.02 0.78 ± 0.01 1.28 ± 0.01 
45–58 % 805 ± 6 2.51 ± 0.02 4.36 ± 0.05 1.91 ± 0.02 3.31 ± 0.03 
34–45 % 856 ± 6 3.96 ± 0.03 7.14 ± 0.08 2.97 ± 0.02 5.35 ± 0.06 
26–34 % 892 ± 6 5.55 ± 0.04 10.29 ± 0.10 4.08 ± 0.03 7.56 ± 0.07 
18–26 % 883 ± 7 7.16 ± 0.05 13.03 ± 0.11 5.22 ± 0.03 9.50 ± 0.09 
11–18 % 900 ± 8 8.92 ± 0.06 16.53 ± 0.14 6.40 ± 0.04 11.85 ± 0.10 
6–11 % 945 ± 8 10.72 ± 0.04 21.01 ± 0.19 7.67 ± 0.02 15.04 ± 0.14 
0–6 % 965 ± 7 13.17 ± 0.04 26.37 ± 0.23 9.35 ± 0.02 18.72 ± 0.16 
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FIG. 3. (Color online) Midrapidity (pt) and dN / dy of protons 
and antiprotons as functions of the number of negatively charged 
hadrons. The corresponding number of participants are also shown 
at the top of the plots. Open symbols are ﬁducial yields and ﬁlled 
ones are integrated yields. Systematic errors are shown as shaded 
areas. Results from RQMD, RQMD with rescattering switched off 
(w/o) and HIJING are shown as solid lines, dashed lines, and 
dashed-dotted lines, respectively. The experimental data and the 
results from RQMD and HIJING include feeddown from hyperon 
decay. 
proton (antiproton) yields is =40%. The increase of (pt) vs 
centrality in the ﬁgure indicates the development of stronger 
collective expansion in more central collisions. Results from 
calculations with RQMD [24], RQMD with rescattering 
switched off (w/o) and HIJING [25,26] are represented by 
solid, dashed, and dashed-dotted lines, respectively. In the 
RQMD model [24,27] results with hadronic rescattering 
agree with measurements centrality dependence of the mean 
transverse momentum. On the other hand, without the rescat­
tering, the HIJING model underpredicts the proton and anti­
proton (pt), especially for central collisions. Overall, the 
model calculations fail to predict the experimental yields 
consistently throughout the whole centrality range. Discrep­
ancies between measured p¯ / p ratios and predictions from 
RQMD and HIJING have been reported by other experi­
ments [14,15]. 
The bottom panels of Fig. 3 show that the observed 
midrapidity (lyl'0.5) proton and antiproton yields, dN /dy, 
are proportional to the number of charged hadrons. RQMD 
fails to predict the centrality dependence of the antiproton 
yield due to the strong annihilation in hadronic rescattering, 
especially in central collisions. Because of the annihilation, 
RQMD predicts a change in the p¯ / p ratio of almost a factor 
of two from peripheral to central collisions, which is not 
consistent with observations [12]. 
The results from RQMD reﬂect that within that model 
there is strong annihilation among baryons, and that large 
values of (pt) are built up from late hadronic rescatterings. 
Based on RQMD, the annihilation of antiprotons created ini­
tially is expected to increase from 20% for peripheral colli­
sions, to 50% for the most central collisions. This is not 
consistent with the trend in Fig. 3, which indicates the mea­
sured proton and antiproton yields increase approximately 
linearly with the number of negatively charged hadrons. This 
raises an important question. If, on the one hand, the increase 
in annihilation with centrality predicted by RQMD is correct, 
then the centrality dependence of the initial baryon produc­
tion must be much stronger than the linear dependence ob­
served in Fig. 3, and the rough agreement between RQMD 
and the data for antiprotons is fortuitous. If, on the other 
hand, the agreement between RQMD and the linear depen­
dence observed in Fig. 3 for antiprotons is correct, a possible 
explanation is that the antiproton loss due to annihilation is 
smaller in central collisions than in peripheral collisions. 
This suggests the antiprotons may decouple from the sur­
rounding matter early, and that the large experimental values 
of (pt) which are observed must arise from collective ﬂow in 
the early stage [28–31]. In order to distinguish this possibil­
ity from other possible scenarios [32] and study possible 
early-stage partonic collectivity at RHIC, systematic mea­
surements of multistrange baryons, charmed mesons, and 
particle correlations are necessary. The recent reference [9] 
indicates that the net-baryon density at midrapidity at RHIC 
is determined by the initial parton distributions at x=0.01. 
While the results of these calculations for netbaryons are 
consistent with our measurement on the net-proton density of 
dN /dyp−¯p=7.7 ± 1.7, it will be interesting to see the trans­
verse momentum distributions from the model calculations 
[9]. 
In summary, we have reported on the centrality depen­
dence of proton and antiproton transverse mass and rapidity 
distributions from 197Au + 197Au collisions at sNN 
=130 GeV as measured by the STAR experiment at RHIC. 
The results reported here are from the rapidity and transverse 
momentum range of lyl<0.5 and 0.35 < pt <1.00 GeV / c. 
For both protons and antiprotons, the transverse mass distri­
butions become more convex from peripheral to central col­
lisions, indicating the enhancement of a collective expansion 
in more central collisions. The rapidity distributions and (pt) 
versus rapidity are found to be ﬂat within lyl<0.5, suggest­
ing a boost invariant region around midrapidity. The com­
parison of our data to results from microscopic transport 
models suggests that the observed collective expansion 
might have been dominantly developed at the early stage of 
the collision. 
We thank Dr. W. Busza, Dr. M. Gyulassy, and Dr. V. 
Topor-Pop for exciting discussions. We thank the RHIC Op­
erations Group and RCF at BNL, and the NERSC Center at 
LBNL for their support. This work was supported in part by 
the HENP Divisions of the Ofﬁce of Science of the U.S. 
DOE; the U.S. NSF; the BMBF of Germany; IN2P3, RA, 
RPL, and EMN of France; EPSRC of the United Kingdom; 
FAPESP of Brazil; the Russian Ministry of Science and 
Technology; the Ministry of Education and the NNSFC of 
China; SFOM of the Czech Republic, DAE, DST, and CSIR 
of the Government of India; and the Swiss NSF. 
041901-5 
RAPID COMMUNICATIONS 
ADAMS et al. PHYSICAL REVIEW C 70, 041901(R) (2004) 
[1] For reviews and recent developments see Nucl. Phys. A698, 
1c (2002). 
[2] P. Braun-Munzinger, D. Magestro, K. Redlich, and J. Stachel, 
Phys. Lett. B 518, 41  (2001). 
[3] W. Busza and R. Ledoux, Annu. Rev. Nucl. Part. Sci. 38, 119  
(1988). 
[4] F. Videbaek and O. Hansen, Phys. Rev. C 52, 2684 (1995).
 
[5] E814 Collaboration, J. Barrette et al., Z. Phys. C: Part. Fields 
59, 211  (1993). 
[6] E802 Collaboration, L. Ahle et al., Phys. Rev. Lett. 81, 2650
 
(1998).
 
[7] NA44 Collaboration, I.G. Bearden et al., Phys. Lett. B 388,
 
431 (1996); Phys. Rev. C 66, 044907 (2002).
 
[8] NA49 Collaboration, H. Appelshäuser et al., Phys. Rev. Lett.
 
82, 2471 (1999).
 
[9] S.A. Bass, B. Müller, and D.K. Srivastava, Phys. Rev. Lett. 
91, 052302 (2003). 
[10] S. Daté, M. Gyulassy, and H. Sumiyoshi, Phys. Rev. D 32,
 
619 (1985).
 
[11] I.N. Mishustin and J.I. Kapusta, Phys. Rev. Lett. 88, 112501
 
(2002).
 
[12] STAR Collaboration, C. Adler et al., Phys. Rev. Lett. 86, 4778
 
(2001); 87, 262302 (2001); 90, 119903(E) (2003).
 
[13] PHENIX Collaboration, K. Adcox et al., Phys. Rev. Lett. 88,
 
242301 (2002)
 
[14] BRAHMS Collaboration, I.G. Bearden et al., Phys. Rev. Lett.
 
87, 112305 (2002).
 
[15] PHOBOS Collaboration, B.B. Back et al., Phys. Rev. Lett. 87,
 
102301 (2001).
 
[16] H. Wieman et al., IEEE Trans. Nucl. Sci. 44, 671 (1997); W. 
  
Betts et al., ibid. 44, 592 (1997); S. Klein et al., ibid. 43, 1768
 
(1996).
 
[17] STAR Collaboration, K.H. Ackermann et al., Phys. Rev. Lett.
 
86, 402 (2001).
 
[18] E. Schnedermann, J. Sollfrank, and U. Heinz, Phys. Rev. C 48,
 
2462 (1993).
 
[19] STAR Collaboration, M. Calderón de la Barca Sánchez et al., 
Nucl. Phys. A698, 503c (2002); M. Calderón de la Barca 
Sánchez, Ph.D. thesis, Yale University, 2001. 
[20] STAR Collaboration, C. Adler et al., Phys. Lett. B 595, 143
 
(2004).
 
[21] NA44 Collaboration, I.G. Bearden et al., Phys. Rev. Lett. 78,
 
2080 (1997).
 
[22] BRAHMS Collaboration, I.G. Bearden et al., Phys. Rev. Lett.
 
90, 102301 (2003).
 
[23] STAR Collaboration, C. Adler et al., Phys. Rev. Lett. 89,
 
092301 (2002).
 
[24] H. Sorge, Phys. Rev. C 52, 3291 (1995).
 
[25] X.N. Wang, Phys. Rep. 280, 287 (1997).
 
[26] S.E. Vance, M. Gyulassy, and X.N. Wang, Phys. Lett. B 443,
 
45 (1998); S.E. Vance, Nucl. Phys. A661, 230c (1999).
 
[27] B. Monreal et al., Phys. Rev. C 60, R031901 (1999); 60,
 
R051902 (1999).
 
[28] L. McLerran and J. Schaffner-Bielich, Phys. Lett. B 514, 29  
(2001). 
[29] STAR Collaboration, C. Adler et al., Phys. Rev. Lett. 87,
 
112303 (2001); STAR Collaboration, C. Adler et al., Phys.
 
Rev. Lett. 89, 132301 (2002); STAR Collaboration, C. Adler
 
et al., Phys. Rev. C 66, 034904 (2002).
 
[30] STAR Collaboration, C. Adler et al., Phys. Rev. Lett. 90,
 
082302 (2003).
 
[31] P. Huovinen et al., Phys. Lett. B 503, 58  (2001). 
[32] R. Rapp and E. Shuryak, Nucl. Phys. A698, 587c (2002). 
041901-6
 
